Copper-based catalysts are industrially applied in various reactions including water-gas shift, synthesis of fatty alcohols from fatty acid methyl esters, and methanol synthesis. Today, methanol is produced at low pressures (35-55 bar) and 200-300°C over Cu/ZnO/Al 2 O 3 catalysts. [1] Due to the great commercial relevance, Cu/ZnO-based catalysts have been extensively studied and many different models have been proposed regarding the nature of active sites and the valence of copper under conditions of methanol formation, such as Cu 1+ dispersed in ZnO, [2, 3] metallic copper supported on ZnO, [4] dynamic surface and bulk alloy formation depending on the reduction potential of the synthesis gas, [5, 6] Cu -at the so-called Schottky junction between metallic Cu and the semiconductor ZnO, [7] and ZnO segregated on Cu 1+ .
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. [8] The catalytic activity of the binary catalyst has been reported to be several orders of magnitude greater than that of metallic Cu or pure ZnO, respectively, indicating a synergetic interaction of the two components. [9] ZnO is regarded either as provider of atomic spillover hydrogen for further hydrogenation of adsorbed reaction intermediates on Cu sites, [10, 11] or as a structure directing support controlling dispersion, morphology, and specific activity of the metal particles. [12] [13] [14] [15] [16] [17] [18] Strong interaction between the metal and the support, especially in the case of large lattice mismatch, is known to cause strain in the metal particles, to which an increase in catalytic performance has been attributed. [19] [20] [21] On the other hand, 1-ML-high and thicker Cu islands epitaxially grown on the ZnO (000⎯1) surface were experimentally found to be strain-free. [22] In most of the earlier studies model catalysts with low Cu loadings (Cu/Zn << 1) containing large ZnO single crystals have been investigated, although, usually, in commercial catalysts copper represents the main component (Cu/Zn > 1) and the ZnO particles, acting rather as a spacer than as a support, are comparable in size, or even smaller than the Cu particles. In this paper we report the results of TEM and in situ XRD characterization of a series of Cu/ZnO/Al 2 O 3 catalysts exhibiting different catalytic activities. The molar ratio Cu:Zn:Al = 60:30:10 is characteristic of commercial catalysts.
[1] The microstructural features of the materials prepared by coprecipitation with sodium carbonate from metal nitrate solution are analyzed after calcination in air at 330°C and subsequent reduction in hydrogen at 250°C. A quantitative estimation of imperfections in metal particles determined by combination of independent TEM and in situ XRD investigations is established. The implications of strain in Cu crystallites and the defect frequency associated therewith on the catalytic activity of Cu/ZnO/Al 2 O 3 catalysts in methanol synthesis are discussed. The TEM and HRTEM images shown in Figure 1 illustrate the microstructure typical of the catalysts studied. Generally, 10 to 15 clusters similar to the one shown in Figure 1a , which had the size that varied from 100 nm to several micrometers, were analyzed in each of the catalysts with Energy-Dispersive X-Ray spectroscopy (EDX) to determine the concentrations of Al, Cu, and Zn. The average value (Al: 10.6 ±4.5 at.%; Cu: 62.7 ±7.2 at.%; Zn: 26.7 ±4.2 at.%) is close to the nominal composition. Figure 2 that contains data of all catalysts illustrates the scattering due to local inhomogeneities.
The particles of Cu and ZnO form an irregular framework (Figure 1b) . The particles of ZnO, which are comparable in size or smaller than the Cu particles, serve as spacers between the latter, preventing them from sintering. Frequently, the Cu particles are in contact with several ZnO particles. It occurs that the copper surface is partially or completely covered by ZnO (Figure 1c and d) and, thus, less accessible to the reacting molecules. As evident from the images in Figure 1 , most of Cu particles have a rounded (non-equilibrium) shape, similar to that of an ellipsoid or sphere, sometimes truncated with {111} or {100} facets. The mean Cu particle size was determined by measuring projected areas of individual particles in the TEM images Figure 3a demonstrates that a relation between the mean Cu particle size measured by TEM (open squares) and the catalytic activity in methanol synthesis is missing. Based on the results of EDX analyses and the particle size measurements the mean specific Cu surface area was determined in each of the samples studied ( Figure 3a , open triangles). In those calculations the effect of decreasing fraction of open surface with decreasing particle size due to the stronger wetting of small particles was taken into account, but not the coverage of Cu surface by smaller ZnO particles (Figure 1c and d) . Accurate determination of gasaccessible Cu surface area using two-dimensional TEM projections was impossible. However, consistent copper surface areas have been measured by N 2 O chemisorption for two of the catalysts. Therefore the values based on TEM are considered to be representative for the copper surface areas accessible to the gas phase. As expected, the calculated mean surface area is inversely proportional to the mean particle size. A correlation between copper surface area and catalytic activity is not observed, albeit, the most active catalyst possesses the highest surface area and vice versa.
As seen in Figure 3b , with the exception of the most active material, the degree of asymmetry (skewness) and the kurtosis of the particle size distribution decrease with increasing catalytic activity. In other words, with increasing activity the particle size distribution approaches the Gaussian law. A pronounced Log-normality, i.e., asymmetry of the particle size distribution measured with TEM may r and calculating the equivalent diameter, which corresponds to the diameter of a circle having the same area. Statistical tests showed that the mean sizes were significantly different in different analyzed clusters, and depended on the elemental composition (data not shown). Redundant measurements were performed in order to check that furthe increase in the number of measured particles changed neither the mean size, nor the shape of distribution curve. Th total number of measured particles varied from 5060 t 24200 in different samples. Because of lower degree of crystallinity of ZnO and Al 2 O 3 compared to that of Cu, the su may be considered as an indication of the non-optimal microstructure of the material. As seen in the Figure 3b , more symmetric size distribution results in increased activity; on the other hand, a material with asymmetric distribu functions. [23] A trial-and-error procedure was demonstrated the highest activity, which could be associated with considerably smaller mean Cu particle size and, correspondingly, higher specific Cu surface area. However, ineffective interaction with the spacing ZnO resulted in a higher tendency towards sintering in the latter material.
Alumina tends to segregate implying its restricted ability to act as dispersing agent. Agglomerated masses of amorphous material comparable in size with clusters of Cu/ZnO nanoparticles but containing only traces of Cu and Zn were observed (Fig. 1 h) . In addition, amorphous or poorly crystallized alumina was intermixed with Cu and ZnO particles. In rare cases, HRTEM images reveal small regions of better crystallized particles (Figure 1e Most of the Cu particles, especially those larger than 5 nm, contained various defects, among which the most typical were twins and stacking faults (Figure 1 e-g ). Many particles demonstrated multiple twinning along a certain octahedral plane (Figure 1g ), but only a few decahedral and no icosahedral cyclic twins were found. Characteristically, most of the twin boundaries were only partially coherent, i.e., the regular close packing of the octahedral planes was interrupted by missing a layer in the direction normal to the twin boundary. Coherent and partially coherent twin boundaries are marked in Fig. 1 f with the black and white arrows, corres
The profiles of the Cu 111 and 222 reflections measured by in situ X-ray diffraction were analyzed within the 2θ intervals of 38-49 and 90-100 deg, respectively, after the neighboring peaks had been fitted with pseudo-Voigt functions and their contributions subtracted. A comparison with the XRD pattern of LaB 6 (NIST standard SRM 660a) obtained under the same conditions has shown that the effect of size/strain peak broadening dominated over the instrumental effect to such a degree that the latter could be safely neglected.
An adopted model was used to simulate the peak profiles from the first principles by double summation of interference functions over different column lengths and over different lattice spacings according to the corresponding distribution to determine approximate values, which were further refined with a least square procedure in the final step. As opposed to similar models, [24] the applied model did not impose any restrictions on the laws of both lattice spacing and crystallite size distribution (Normal, LogNormal, etc):
The size distribution shape was described by a polynomial function whose coefficients were refined during simulation. The flexibility in defining non-standard or polymodal size distributions allowed highly precise simulation of the XRD peak shape.
To evaluate both crystallite size and strain, the profiles of the 111 and 222 reflections of Cu were simulated simultaneously with the same set of model parameters. Strain was introduced into the model as a Gaussian distribution of the interplanar distances about the mean value of d 111 = 2.088 Å. The standard deviation of the distribution expressed in percent of d 111 was used as a quantitative measure of strain. The values plotted in Figure 3b should only be considered as relative values based on a rough estimation. Comparison of the mean crystallite size calculated from diffraction peak broadening (Figure 3a , filled squares) with the particle size s) shows that the former were invariably smaller than the latter. The presence of stacking faults and twin boundaries in the particles (Figure 1f-g ) may account for the discrepancy. [25] The stacking fault probability α could be determined from the measurements of intervals between the adjacent peaks in the XRD patterns in such pairs as 111-200, which are known to progressively shift in opposite directions as α increases, and comparing them to the corresponding intervals in a "perfect" material using equations given by Warren. [25] Accordingly, the stacking fault probability α was found to change in the series of studied materials as shown in Figure 3c . The right-hand axis in the figure shows the mean distance between the defects calculated as l = d 111 /α or l = d 111 /(1.5α+β), where β is the twinning probability. The overall faulting probability 1.5α+β could be estimated from the comparison of apparent crystallite sizes determined by the shape analysis of different peaks. However, the low signal-to-noise ratio of XRD reflections other than 111 made their detailed analysis unreliable. Therefore, a com dertak on of Figure 3 shows that the stacking fault proba is seen as the physical reason of e kinetic "synergy" as was already suggested much earli-. 11 The synthesis procedures of Cu-based catalysts can now be redesigned optimizing their exact chemical compo- en, which is based on the assumption that the presence of stacking faults and twin boundaries is the only reason for the smaller domain size measured by XRD compared to the mean particle size determined by TEM. In addition, a nearly spherical shape of the Cu particles is assumed, which is supported by the TEM images ( Figure  1 ). The upper curve in Figure 3c shows the trend in the overall faulting probability in the studied catalysts obtained by the combined treatment of the series of TEM and XRD data.
Inspecti bility α does not correlate with the activity, but changes in parallel with the TEM particle size, whereas the mean distance between stacking faults is comparable with the mean particle size (8.1 nm and 8.3 nm, respectively). This does not necessarily imply that there is a physical reason preventing small particles from faulting. The effect can be interpreted from a geometrical point of view: At a given mean distance between the defects, the larger particles contain defects with higher probability than the smaller ones.
At the same time, the independent measurements show that the activity scales with the overall faulting probability 1.5α+β. Since the methods of determination of 1.5α+β and α were different, the twin boundaries imaged with HRTEM were often incoherent (faulted), and the geometric interpretation given in the previous paragraph might be wrong, the conclusion on the dominating role of twin boundaries in increasing activity may be doubtful. Nevertheless, the activating role of defects -without differentiation -seems to be obvious.
Moreover, the activity was found to scale with the strain in Cu crystallites (Figure 3b ). The parallelism between the mean strain and the overall faulting probability does not allow distinguishing between the effects of specific atomic configurations which the twin boundaries and stacking faults produce on the surface of metal particles and of the strain itself, which is associated with these defects, but it clearly shows the essential role of imperfections in the Cu lattice for the increased activity of Cu/ZnO/Al 2 O 3 catalysts in methanol synthesis.
In summary, the statistically meaningful analysis of the nanostructure of a series of methanol synthesis catalysts with a composition close to technical systems has revealed that the abundance of non-equilibrium structures in Cu, such as planar defects and strain, two properties which are strongly interrelated, clearly correlate with the catalytic activity. The families of correlations suggested by Muhler [26] may find their physical interpretation in the distribution functions of nanostructural properties as evidenced in Figure 3 . We speculate at this point that the relevant nonequilibrium structure of active Cu is generated during synthesis explaining the phenomenon of "chemical memory". [27] The kinetic stabilization of metastable structures during long-term operation th er sition (Figure 2 ), Cu partic ces (Figure 1 ). In parallel, the geometric and the surface electronic structure of highly active systems will be analyzed with synchtrotron-based techniques to further refine the structural properties of the active Cu metal phase under reaction conditions.
Experimental Section
A Philips CM200FEG microscope operated at 200 kV and equipped with a ng filter was used. The coefficient of spherical aberration was C s = 1.35 mm. The information limit was better than 0.18 nm. High-resolution images with a pixel size of 0.016 nm were taken at the magnification of 1083000× with a CCD camera, and selected areas were processed to obtain the power spectra (square of the Fourier transform of the image). The power spectra (PS) w terplanar distances (± 0.5 %) and angles (± 0.5 deg) for phase identification.
The XRD data in the 2θ range w (C tillation counter, 2 θ s e er. The in situ reduction was performed at 250°C (heating rate 2°C/min) in 2%H2/N2.
The catalysts have been tested at a temperature of 483K and a pressure of 60 bar. The feed was composed of 7
